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Development of the Murine
Periodontium. I. Role of Basement
Membrane in Formation of a
Mineralized Tissue on the Developing
Root Dentin Surface
R. Lamont MacNeil* and Huw F. Thomasf
The presence of basement membrane components on the forming root surface sug-
gests a role for this structure during cementoblast differentiation. The purpose of this
study was to investigate the role of root-associated basement membrane (RBM) in murine
cementogenesis using tissue separation and recombination techniques. Root dentin spec-
imens, with or without RBM, were combined with dental sac tissue, cultured for 2 weeks,
harvested, and examined by light, immunofluorescence, and electron microscopy. Re-
combinations in which RBM was preserved on the root dentin surface were characterized
by formation of an adherent mineralized tissue resembling acellular cementum; recom-
binations in which RBM was excluded were characterized by formation of mineralized
tissue which did not adhere to the root dentin surface. These results suggest that formation
of an adherent mineralized tissue on the developing root dentin surface is dependent
upon the presence of indigenous basement membrane components. / Periodontol 1993;
64:95-102.
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Tooth development results from a series of reciprocal, in-
terdependent interactions between oral ectoderm and cranial
neural-crest derived ectomesenchyme.15 While the tissue
interactions leading to differentiation of ameloblasts and
odontoblasts in the tooth crown have been extensively in-
vestigated, those underlying root development have only
recently received attention.6,7
Root formation begins when enamel and dentin formation
in the crown has reached the cervical loop, a region where
cells of the inner and outer enamel epithelia are contig-
uous.8 Cells of the cervical loop proliferate to form the
epithelial root sheath (ERS) that grows apically, outlining
the shape of the future root.8,9 Although studies have shown
that root odontoblast differentiation results from an inter-
action between ERS and dental papilla cells,7 the tissue
interactions operating during cementogenesis are unknown.
Previous light and electron microscope studies of cemen-
togenesis have shown that ERS fenestrates allowing cells
of the dental sac to contact the forming root surface.1016
Although cells of the dental sac are thought to differentiate
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into cementoblasts,17 a notion supported by autoradiograph
studies,18 the mechanisms responsible for their differentia-
tion remain unclear. Some investigations have proposed
that differentiation of cementoblasts results following con-
tact of dental sac cells with the root surface,17 while others
have suggested a role for the ERS19 or its products20"23 in
this process.
Examination of the forming root surface has shown that
the most peripheral aspect of root dentin remains unminer-
alized until cementogenesis is initiated.6,10,12,14,23,24
Histochemical24 and ultrastructural6 studies have shown that
a basement membrane is present in this location.
Basement membrane components have been shown to be
biologically active and important in cell movement, differ-
entiation, and maturation.25 29 For example, the presence
of a basement membrane is required for odontoblast
differentiation5 and time-specific alterations in basement
membrane composition have been mapped during tooth crown
development.30,31 Additionally, the ability of basement
membrane to substitute for epithelia in epithelio-mesenchy-
mal interactions leading to Osteogenesis has been esta-
blished.32
The role of basement membrane in cementoblast differ-
entiation has not yet been examined. Thus, the purpose of
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the present investigation was to determine the role of base-
ment membrane in early root development using tissue sep-
aration and recombination techniques.
MATERIALS AND METHODS
The protocol for this study was reviewed and approved by
The University of Connecticut Health Center Animal Ex-
perimentation Committee.
Isolation and Preparation of Tissues
Root dentin fragments (approximately 1.0 x 1.5 mm.) were
obtained from mandibular first molar tooth germs from day-
8 postnatal CD-I mice.* At this stage of development, ce-
mentum had not yet formed33 and enough root structure
existed for manipulation. Dentin specimens were processed
in one of two ways. Some specimens were incubated in
1.0% trypsin§ (1:250) for 30 minutes at 4°C to remove both
cells and basement membrane34 (i.e., D-BM); others were
incubated in 0.1M EDTA (ethylenediaminetetraacetic acid)
in Ca++-Mg++-free HBSS (Hank's balanced salt solution)5
for 15 minutes at 37°C to remove cells and to preserve the
associated basement membrane34 (i.e., D + BM). Absence
or presence of basement membrane components was con-
firmed by immunohistochemistry (see below). Absence of
viable cells was ensured by freeze-thawing all specimens
in distilled water ( x 3) and confirmed by test culturing ran-
dom specimens on 0.4% agar-supplemented minimum es-
sential medium (MEM).§
Dental sac (DS) was obtained from day-6 postnatal CD-
1 mice. Mandibular first molar tooth germs were removed
and placed in 1.0% trypsin for 2 hours at 4.0°C.34 This
procedure facilitated isolation of dental sac tissue imme-
diately subjacent to the dental papilla.7
Tissue Recombination and Grafting
The experimental groups consisted of recombinations of 1)
dental sac and dentin devoid of basement membrane, group
1 (D-RBM + DS); and 2) dental sac and dentin with its
preserved basement membrane, group 2 (D + RBM + DS).
Isolated tissues were recombined to duplicate their in vivo
spatial orientation by using the convex surface of the dentin
as reference for the peripheral, cemental-side of the root.
Tissues were recombined on 0.4% agar-supplemented a-
MEM with 10% fetal bovine serum (FBS), 1.0% glutamine,
and 0.1% gentamycin. Recombinations were incubated
overnight in a humidified chamber with 5% C02 in air at
37°C to allow the tissues to adhere. The next day, recom-
binations were grafted into the anterior chamber of the eye
of homologous adult male mice following established pro-
tocols.35 Animals were anesthesized with a combination of
ketamine hydrochloride, 100 mg/ml11100 mg/kg body weight
^Charles River Labs, Cambridge, MA.
§Sigma Chemical Co, St. Louis MO.
HKetaset, Alveo Co., Fort Dodge, IA.
and xylazine, 100 mg/ml111 mg/kg body weight. Care was
taken to avoid excessive trauma during the grafting pro-
cedure; any grafting procedure that produced bleeding was
excluded. One graft was placed per animal.
A total of 32 group 1 (D-RMB + DS) and group 2
(D + RBM + DS) recombinations (16 each) were grafted.
Control grafts (n = 5) consisted of dental sac tissue alone.
Grafts were harvested after 2 weeks. Animals were sacri-
ficed by cervical dislocation, the eye removed and processed
for either light, immunofluorescence, or electron microscopy.
Light Microscopy
Specimens were fixed in 10% neutral buffered formalin,
demineralized in formic acid/citric acid, dehydrated, cleared
in xylene, and embedded in paraffin. Serial 7 µ  sections
were cut, stained with hematoxylin and Biebrich scarlet,
and examined by light microscope (n = 12/group).
Immunohistochemistry
Root dentin fragments and ocular graft specimens were fixed
in 95% ETOH and embedded in paraffin according to es-
tablished protocols.36 Sections 7 µ  in thickness were cut,
demineralized in 0.5M EDTA (pH 7.4) for 30 minutes,
deparaffinized, and rinsed thoroughly in phosphate buffered
saline (PBS; 0.02 M, pH 7.3). Sections were rinsed in PBS
containing 1% bovine serum albumin, incubated with an-
tibodies to keratin, laminin, or alkaline Phosphatase as ap-
propriate for 30 minutes at 37°C and washed for 30 minutes
in PBS at room temperature. Sections were incubated with
fluorescein (FITC)-labeled IgG as appropriate for 30 min-
utes at 37°C. Finally, sections were washed for 30 minutes
with PBS and coverslipped in glycerol-PBS (1:9) contain-
ing 0.1% paraphenylenediamine to reduce photobleach-
ing;37 sections were examined in a Nikon photomicroscope
equipped with epifluorescence.
Antisera were used at the following dilutions in PBS:
rabbit anti-laminin (a gift from Dr. M. Tanzer, University
of Connecticut) at 1/50, rabbit anti-keratin# at 1/100, and
rabbit anti-alkaline Phosphatase (a gift from Dr. R. Ma-
jeska, Mt. Sinai School of Medicine) at 1/100. FITC-la-
beled second goat anti-rabbit antibody** was diluted in PBS
at 1/100. In controls, the first antisera were replaced with
normal rabbit serum.
Transmission Electron Microscopy
Specimens from both experimental groups were fixed in
2.0% glutaraldehyde in 0.1M sodium cacodylate buffer
(pH:7.2), post-fixed in 2.0% osmium tetroxide, dehydrated
in a graded ethanol series, and embedded in Epon. Thin
sections (60 to 80 nm) were cut, mounted on formvar-
coated grids, stained with uranyl acetate and lead citrate,
URompun, Mobay Corp., Shawnee, KS.
#Dako Corp., Santa Barbara, CA.
"Miles Scientific, Naperville, IL.
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Table 1. Summary of Tissue Recombinations Involving Dentin (D),
Root Basement Membrane (RBM), and Dental Sac (DS)
Tissues Immunofluorescence Mineralization
Group Used  Keratin AP Non-Adherent Adherent
Control DS 5 + n/a n/a
1 DS, 10/12 2/12
D-RBM 16 + (83%) (17%)




and examined on a Philips 410LS or JEOL 100CX electron
microscope (n = 2/group).
RESULTS
Root Dentin Specimens
Examination of specimens reacted with antiserum to lami-
nin confirmed the successful removal (D-RBM) or preser-
vation (D + RBM) of basement membrane components on
the root dentin surfaces. Trypsin-treated dentin revealed no
specific staining for laminin (Fig. l.A) while EDTA-treated
dentin demonstrated staining along the outer (cementai) sur-
face of the root (Fig. l.B). In the random samples that were
test cultured, no evidence of cellular outgrowth was ob-
served, confirming successful removal of cells from the root
surface.
Tissue Recombinations
Our findings are summarized in Table 1. All 5 control grafts
(DS alone) formed a mineralized tissue that resembled early
woven bone or cellular cementum (Fig. 2.A). This miner-
alized tissue contained cell with basophilic interspersed within
an acidophilic osteoid-like matrix. Cells within and sur-
rounding this bone-like tissue demonstrated positive stain-
ing for alkaline Phosphatase (Fig. 2.B).
Mineralized tissue formed in all recombinations of dental
sac and root dentin. A consistent finding was formation of
an adherent mineralized tissue on the predentin (pulpal)
aspect of the root dentin specimens (Fig. 3). Although min-
eralized tissue also formed on the peripheral (cementai)
aspect of the root piece, a clearly defined space was found
between this tissue and the dentin surface in most group 1
(D-RBM + DS) specimens; i.e., 10 out of 12 specimens
(83%). Space formation consistently occurred at the pe-
ripheral dentin surface but was never noted within the den-
tin or mineralized matrix (Fig. 3). In contrast, in all group
2 recombinations (D + RBM + DS); i.e., 12 out of 12 spec-
imens (100%), mineralized tissue formed and adhered to
the dentin surface (Fig. 4). A well-defined hematoxylin line
demarcated the interface of the dentin surface and adhering
mineral; artifactual tearing or separation of the mineralized
tissue away from the dentin surface was not observed. In
contrast to the mottled, cellular appearance of the miner-
alized tissue seen in more peripheral sites, the zone of newly
formed mineralized tissue immediately adjacent to dentin
appeared uniformly acellular.
Figure I.A. Trypsin-treated dentin specimen after incubation with anti-
serum to laminin. No evidence of staining for laminin is present (bar =
200 urn).
Figure l.B. EDTA-treated dentin specimen incubated with antiserum to
laminin. Positive staining for laminin (arrow) is evident on the peripheral
(cementai) surface of the root dentin specimen (bar = 200 µ  ).
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Figure 2.A. Controlgroup (dental sac) demonstratingformation ofa bone-
like tissue. Cells (arrows) are entrapped within the mineralized matrix
(bar = 100 µ  ).
Figure 2.B. Control group specimen after incubation with antiserum to al-
kaline Phosphatase. Cells within and surrounding the mineralized tissue dis-
play positive staining for alkaline Phosphatase (arrows) (bar = 100 µ  ).
Immunohistochemistry
Specimens from all groups lacked specific staining for cy-
tokeratins (Fig. 5.A) confirming that the isolation proce-
dures used were successful in removing all epithelial
components (including ERS) from dental sac tissue. Spec-
imens from both groups demonstrated positive staining for
alkaline Phosphatase similar to that found in control grafts.
J Periodontol
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Figure 3. Light micrograph of a group 1 recombination. A space is present
between the peripheral dentin surface (D) and the overlying mineralized
material (B). Bone has fused to thepredentin (PD) surface (bar = 100 µ  ).
Staining was localized to cells within the matrix and those
lining the mineralized tissue (Fig. 5.B).
Transmission Electron Microscopy
Ultrathin sections of group 1 specimens revealed an incom-
plete union of mineral to root dentin (Fig. 6). The interface
between newly formed mineral and dentin was character-
ized by a zone of tearing or separation which occurred to
varying degrees. Inspection of the tear area revealed sep-
aration of mineral from dentin at its peripheral surface,
similar to that observed by light microscopy (Fig. 6).
In contrast to group 1 specimens, separation of mineral
from the dentin surface was not observed in group 2 spec-
imens. In group 2 recombinations, the native dentin surface
was covered by an adherent collagenous extracellular ma-
trix exhibiting focal areas of mineralization (Fig. 7). Min-
eralization was most advanced at the dentin surface and
radiated as a mineralization front toward more peripherally
placed cells and matrix. Flattened cells resembling cemen-
toblasts lined the mineralization front in an ordered, parallel
fashion (Fig. 8); these cells were separated from the un-
derlying mineralized substratum by a zone of densely packed,
irregularly-arranged collagen fibers (Fig. 8). Dentinal ré-
sorption was not observed on the root surface.
DISCUSSION
The experimental techniques of tissue separation and re-
combination have been instrumental in delineating the role
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Figure 4. Light micrographs ofa group 2 recombination. A predominantly
acellular, bone-like material (B) has been deposited on the dentin speci-
men (D). A darkly-staining hematoxylin line delineates the junction of the
bone and dentin. An acellular mineralized tissue has also formed on the
predentin (PD) surface (bar = 100 urn).
of specific tissues in early tooth development.7,38'43 These
techniques have been adapted in this present study to in-
vestigate the tissue interactions operative during root de-
velopment and cementogenesis. Our results confirm the ability
of dental sac to form a mineralized tissue, as demonstrated
by others.35,43 Further, we provide evidence that formation
of a dental sac-derived mineralized tissue on dentin is de-
pendent upon the presence of basement membrane com-
ponents indigenous to the developing root surface.
The 3 tissues which comprise the periodontal attachment
—
cementum, periodontal ligament, and alveolar bone
—
are thought to originate from embryonic dental sac or
follicle.18-35 However, the precise role which dental sac
plays in the differentiation and maturation of these tissues
is unknown due largely to technical inability to rule out
contributions from other closely-approximated embryonic
tissues; e.g., dental papilla and perifollicular mesenchyme.
The ability to isolate individual tooth germ components in
this study allowed the controlled investigation of the role
of dental sac and other designated tissues in periodontal
attachment formation. Overall, the results of this investi-
gation demonstrate that dental sac can form mineralized
tissue either alone (control group) or in combination with
dentin (groups 1 and 2).
The formation of an adherent mineralized tissue on the
predentin (pulpal) aspect of the root dentin specimens was
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Figure 5.A. Group 1 specimen incubated with antiserum to keratin. Cells
of the comeal epithelium (CE) serve as a positive control. Transplanted
tissues (X) within the anterior eye chamber lack specific staining for ker-
atin confirming exclusion of odontogenic epithelium (bar = 200 µ  ).
Figure 5.B. Group 2 specimen incubated with antiserum to alkaline Phos-
phatase (AP). A bone-like material (B) is fused to the dentin (D) specimen
on the lower left. Cells within and surrounding this adherent mineralized
material display positive staining for AP (arrows) (bar = 100 µ  ).
anticipated. Previous investigations6,7 have demonstrated that
the unmineralized predentin matrix supports mineralization
activity in various tissues including dental papilla and dental
sac; the osteoinductive nature of demineralized dentin is
believed to be related to the presence and exposure of
collagenous44 and noncollagenous proteins within the den-
tin matrix.45
While mineralized tissue also formed on the outer (peri-
odontal) aspect of the dentin fragments, groups 1 and 2
differed markedly in the type of tissue response observed
at the dentin-mineral interface. In group 2 recombinations,
where basement membrane components were preserved, an
adherent, acellular, mineralized tissue formed on the dentin
surface. In contrast, when the intervening basement mem-
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brane was absent (group 1), mineralized tissue formed pe-
ripheral to the dentin surface and adherence to dentin failed
Figure 7. TEM of a group 2 specimen. An acellular material (AC) has
been deposited on the dentin surface (D). Foci of mineralization (FM)
radiate outward into a dense, irregularly-arranged collagenous matrix
(CM) containing mesenchymal-like cells (arrow) (bar = 4 µ  ).
to occur in 83% (10/12) of the recombinations. We feel
that the formation of a dentin-mineral attachment in a small
number of group 1 recombinations is most likely attribut-
able to incomplete removal of basement membrane com-
ponents in these isolated cases.
It is interesting to speculate as to the nature of the min-
eralized tissue which formed on dentin in group 2 recom-
binations. Previous investigations have correlated the
formation of the first-formed (acellular) cementum with the
appearance of a hematoxylin-staining line on the root dentin
surface;24 a similar cementai line is found in group 2 spec-
imens between the adhering mineral and the native dentin
surface. Ultrastructural analysis of this interface in group 2
recombinations revealed a narrow zone of densely miner-
alized tissue bordered peripherally by a mineralized front.
Cells lining the mineralization front resembled osteoblasts
or cementoblasts: lining cells exhibited large nuclei, abun-
dant rough endoplasmic reticulum and mitochondria, ap-
peared actively engaged in collagen synthesis, and assumed
a parallel orientation to the mineralization front. Thus, based
on histologie criteria alone, this tissue shares many of the
characteristics of early acellular cementum,12'13'15'24 how-
ever, in the absence of a known biological marker for ce-
mentum, this designation cannot be reliably made.
These results suggest that mineral formation on the form-
ing root dentin surface is dependent upon the presence of
basement membrane components. Similar observations were
made 35 years ago by Paynter and Pudy24 who hypothesized
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that the retained basement membrane might serve as a sub-
strate for the initial deposition of mineral. Since that time
it has become apparent that basement membrane compo-
nents, while possessing mechanical properties (e.g., ad-
hesiveness), also possess a variety of biological properties
including modulation of cell attachment, proliferation,
movement, and differentiation.25,27 29 During tooth devel-
opment, cell-cell and cell-matrix interactions are thought to
occur, in part, by binding of basement membrane compo-
nent molecules to integrin-type cell membrane recep-
tors.46,47 For example, the series of epithelio-mesenchymal
cell interactions which regulates the differentiation of am-
eloblasts and odontoblasts is intricately coupled to time-
specific alterations in protein composition of the intervening
basement membrane.30,31 In a similar manner, root-asso-
ciated basement membrane could potentially serve a regu-
latory role in cementoblast differentiation. The binding of
dental sac cells to specific root basement membrane com-
ponents via timed expression of integrin receptors may rep-
resent a mechanism whereby cementoblast differentiation
is temporally and spacially regulated. This hypothesis is
currently being addressed in ongoing experiments in our
laboratory.
Findings from this study may have important implica-
tions in the field of periodontal regeneration. Considerable
research effort has been devoted to defining the progenitor
tissue from which periodontal cells originate.48 52 Cell la-
beling studies48 50 and in vitro investigations51,52 have been
unable thusfar to determine if this stem cell compartment
resides in the periodontal ligament, alveolar bone, or other
tissues. Melcher et al. have suggested that periodontal pro-
genitor cells may originate from the endosteal spaces of
alveolar bone based on the observation that calvarial cells
produce mineralized tissue in vitro while PDL cells lack
this ability.51 Conversely, Arceo et al. have recently re-
ported that PDL cells, but not gingival fibroblasts, are ca-
pable of producing mineral-like nodules under similar in
vitro culture conditions.52 Findings from this present study,
however, suggest that cells with mineralizing potential re-
quire a specific substrate condition on root dentin before
differentiation and mineralized matrix deposition can occur;
the absence of these extracellular conditions in previous
experiments may explain the wide variation in reported
findings. Additionally, if these biologic requirements per-
sist post-developmentally, stem cell populations may re-
quire similar extracellular matrix conditions on the mature
root prior to cementoblast differentiation during conditions
of periodontal regeneration and repair.
Our results suggest that murine root formation is depen-
dent upon cell-matrix interaction(s) between dental sac cells
and root-associated basement membrane components. As
the basement membrane is partially of epithelial origin, this
interaction may be similar to the epithelio-mesenchymal
interactions which occur in earlier phases of tooth devel-
opment. Thus, development of root and periodontal attach-
ment may be best considered a continuation of the initiating
and reciprocal interactions which occur between epithelium
and mesenchyme in early tooth crown development.
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